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Abstract 
This paper presents a method for the fabrication of inorganic porous hollow fibers, using 
ecologically benign feed materials instead of organic solvents and harmful additives. Our 
method is based on ionic cross-linking of an aqueous mixture of sodium alginate, inorganic 
particles, and a carbonate. The mixture is spun into an acidic coagulation bath, where the low 
pH triggers the dissociation of the carbonate into multivalent cations and carbon dioxide. The 
multivalent cations cross-link the alginate, thereby consolidating the 3D structure and arresting 
the inorganic particles. In a subsequent thermal treatment the polymer is removed and the 
particles are sintered together. Adequate gelation requires a sufficiently low pH of the acid bath 
and a sufficing buffering capacity of the acid. In addition, to facilitate thermal treatment, it 
appears to be crucial that the acid has a conjugated base with limited propensity for complexing 
cations. The environmentally-safe and sustainable lactic acid and acetic acid are shown to be 
convenient acids. The fibers prepared via our method have outstanding properties, such as high 
mechanical strength, homogeneous morphology, and sharp distribution of small pores. In 
addition, they are prepared using sustainable chemicals such as lactic acid and calcium 
carbonate. 
Keywords: ionic cross-linking, alginate, porous inorganic hollow fiber, acid-carbonate 
reactions  
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Introduction 
Inorganic porous hollow fibers provide large surface-area-to-volume ratios, due to their small 
radial dimensions. As a result these fibers are applied in a vast array of applications, for 
example: photocatalysis,1,2 bio-reactor and sensors3,4, gas-liquid contactors,5–7 membranes for 
demanding separations8–10, and for combined chemical reaction and molecular separation in 
harsh environments.11–13 The small radial dimensions of the fibers are generally achieved by 
using the dry-wet spinning method, in which a mixture of a polymer, solvent and inorganic 
particles is spun into a coagulation bath. In the coagulation bath, non-solvent induced phase 
separation (NIPS) occurs and the inorganic particles are arrested in a polymer matrix. In a 
subsequent thermal treatment, the polymer is decomposed and the inorganic particles are 
sintered together. This method is well understood and described in detail for a variety of 
inorganic particles.14–16 The major drawback of the NIPS-method is the use of organic solvents. 
Typically, aprotic solvents such as dimethyl formamide (DMF), N-methyl-2-pyrrolidone 
(NMP) or dimethyl acetamide (DMAc) are used, because these dissolve a wide variety of 
polymers and the obtained spinning solutions coagulate readily upon contact with water.  
We have recently demonstrated bio-ionic gelation as a novel solvent-free alternative approach 
for the fabrication of porous hollow fibers.17 The concept is based on the solidification of a 
spinning mixture by the ionic cross-linking of a sodium alginate when it is spun into an aqueous 
solution containing multivalent cations Mn+, such as Ca2+, Ba2+, Cu2+, or Fe3+. The alginate is 
the sodium salt of the polysaccharide alginic acid that is produced by brown algae and bacteria 
and is a linear block copolymer consisting of 1,4-(ß-D)-mannuronic acid and 1,4-(α-L)-
guluronic acid. Upon entering the solution, the multivalent cations diffuse into the spinning 
mixture and exchange with the sodium ions in the polymer, thereby forming a stable water-
insoluble three-dimensional gel network.18 This concept is depicted in Figure 1, top right. 
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During a subsequent thermal treatment the biopolymer is removed and the inorganic particles 
are sintered together.  
Introducing the multivalent ions into the alginate from a bath is known to have disadvantages. 
The gelation rate is hard to control and the concentration gradients of the multivalent ions inside 
and outside the alginate solution result in an inhomogeneous alginate gel.19–21 As a result of 
this, the mechanical integrity of the final fibers can be poor.17 In addition, in order to maintain 
stationary spinning conditions a regeneration of relatively large volumes of the Mn+ solution is 
necessary.  
In the present paper, we propose a new method for cross-linking fibers that overcomes these 
limitations, by providing the multivalent ions as an inactive, insoluble salt in the spinning 
mixture in the form of a carbonate. Carbonates have been used in the past for the production of 
homogenous microspheres,22–24 hydrogels25–27 and thin films.28–30 In our case, the mixture is 
spun into an acidic coagulation bath, where the low pH triggers the dissociation of the carbonate 
into Mn+ and carbon dioxide.31 The multivalent ions are responsible for the ionic crosslinking 
of the biopolymer. The bottom right part of Figure 1 schematically depicts this concept. Gels 
prepared using the internal supply of multivalent ions are found to be more homogenous as 
compared to those obtained using the external supply.21 
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 Figure 1. Left: set-up for dry-wet spinning, right: schematic representation of the concept 
of external (top right) and internal (bottom right) gelation. The spinning mixture is cross-
linked with a solution of Mn+Cl2n in case of external gelation, whereas in the case of 
internal gelation the multivalent ion is present as Mn+(CO3)0.5n in the spinning mixture, 
which is in turn liberated upon contact with protons originating from the gelation bath. 
To demonstrate the versatility of the proposed method, we compare different types of 
carbonates, and different types and concentrations of acids. Conforming to literature, and 
because it is considered a benign substance, most experiments were carried out with calcium 
carbonate. Cobalt carbonate and copper carbonate were used to proof that the method also 
works for other multivalent ions (See the Supplementary Information). Particular focus of the 
study is on the importance of the buffering properties of the acid, and the propensity of its 
conjugated base to form complexes with the selected cations.32 Hydrochloric and nitric acid 
were selected as strong inorganic acids, with minimal buffering capacity. Acetic acid, citric 
acid, and lactic acid were selected as weaker acids, with larger buffering capacities. It should 
be noted that these acids can be obtained from sustainable sources.33–35 Glucono-delta-lactone 
(GDL) was selected as a gluconic acid precursor,36 because the extensive buffering properties 
in the CaCO3-GDL system is proven to result in a time-delayed release of calcium ions that 
produces more homogenous alginate gels.37  
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In this paper, we show that the bio-ionic crosslinking, induced by the carbonate-acid reaction, 
allows for facile and solvent/organic polymer-free fabrication of inorganic porous hollow fiber 
membranes. The fibers have very thin walls, superior mechanical strengths, and more narrow 
distributions of smaller pores, as compared to fibers obtained by previous methods. 
Experimental 
Chemicals 
Alginic acid sodium salt from brown algae with medium viscosity, calcium carbonate, cobalt 
carbonate, copper carbonate (all Sigma-Aldrich); AKP-30 and AKP-50 α–alumina powder with 
a mean particle size of 0.3 μm and 0.1 μm respectively (Sumitomo Chemicals); and de-ionized 
water (>18.2 MΩ cm, Milli-Q Advantage A10, Millipore) were used to prepare spinning 
mixtures. Acetic acid (Merck), citric acid, glucono delta-lactone (GDL), hydrochloric acid, 
lactic acid, and nitric acid (All from Sigma-Aldrich) were used as proton source. 
Preparation of spinning mixture 
0.15 g calcium carbonate was added to 82.5 g de-ionized water in a two-neck flask followed by 
stirring for 10 minutes. 12.5 g AKP-30 α-alumina was added under continuous stirring and 
ultrasonic treatment, followed by stirring and ultrasonic treatment for 20 minutes (Branson 
1800, 10 min, 40 kHz). 5.0 g sodium alginate was added in three steps to prevent the formation 
of alginate lumps. The mixture was stirred overnight to obtain a homogenous spinning mixture. 
Preparation of fibers 
Non-hollow alumina fibers were prepared by extruding the spinning mixture into solutions of 
acetic acid, citric acid, GDL, or lactic acid, with a pH of 1.7, 2, 3 and 4. For hydrochloric and 
nitric acid, a pH of 0.6, 1, 1.3 and 2 was used. Upon contact with the acid gelation bath, cross-
linking of the alginate occurs. After extrusion, samples were left overnight in the acid gelation 
bath. The cross-linked fibers were dried at room temperature for 24 h and were subsequently 
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thermally treated in a STF16/610 tubular furnace (Carbolite) under an airflow of 100 mL min-1. 
Using a heating rate of 5 C min-1, the fibers were dried at 110 °C for 60 min, followed by further 
sintering at 1400 °C for 120 minutes.  
Hollow alumina fibers were prepared through a similar procedure by spinning into a lactic acid 
solution with a pH of 1.7.The spinning mixture was pressurized in a stainless steel vessel, 
degassed for 30 minutes and left overnight. Spinning was carried out using a spinneret with an 
outer/inner diameter of 2.0/0.8 mm, using 2 bar nitrogen pressure and at ambient temperature. 
The air gap was 15 mm and the bore liquid flow rate was 14 mL min-1. The bore liquid was 
taken from gelation bath, which consists of lactic acid with a pH of 1.7. After spinning, the 
fibers were left in the gelation bath overnight, dried and thermally treated following the 
procedure described above. In addition, fibers were prepared using NIPS14 and external 
gelation17  as described elsewhere.  
SEM 
Scanning electron micrographs of the cross section morphology and the wall thickness of green 
and sintered fibers were obtained with a Zeiss Merlin FE-SEM or JEOL-JSM6010 Scanning 
Electron Microscope. To obtain a flat cross-section, the green compacts were soaked in ethanol 
and submersed in liquid nitrogen before fracturing. No further pre-treatment was done on the 
samples. 
 
TGA/DTA-MS 
Thermogravimetric analysis combined with differential scanning calorimetry analysis 
(TGA/DSC) was performed on a STA 449 F3 Jupiter® (Netzch) fitted with a TGA-DSC sample 
holder. Measurements were performed under a flow of 70 mL min-1 synthetic air at a heating 
rate of 20 °C min-1 from room temperature to 1000 °C. A temperature correction and sensitivity 
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analysis using melting standards and a blank correction with an empty cup were carried out 
prior to the measurements. Small fragments of fibers that had been dried overnight under 
vacuum at 50 °C were used as sample and their mass was determined externally.  
Mechanical Strength  
The mechanical strength of the prepared hollow fibers was measured on a 5564A mechanical 
testing bench (Instron). Sintered fibers were picked randomly and broken to a length of 
approximately 5 cm, followed by tested using a 4 point fixture, with an outer span (Lo) of 20 
mm and an inner span (Li) of 10 mm. The load was measured at constant extension rate (2 mm 
min-1) and the inner and outer diameters of the fiber were measured after fracture, using a digital 
caliper (Mitutoyo CD-15CPX, Δd ± 0.02 mm). A sample set size of 30 samples was used. 
The maximum bending strength is computed using Equation 1, where Fj  is the force at fracture 
for specimen j, Lo the distance between the two outer rollers, K is defined by half the distance 
between the inner and outer span K = (Lo – Li) / 2, and do,j  and di,j the outer and inner diameter 
of specimen j: 
 
𝜎𝜎𝑓𝑓,𝑗𝑗 = 16𝐹𝐹𝑗𝑗𝐾𝐾𝐾𝐾𝑜𝑜,𝑗𝑗
𝜋𝜋�𝐾𝐾𝑜𝑜,𝑗𝑗4 − 𝐾𝐾𝑖𝑖,𝑗𝑗4 � 1 
Nitrogen gas permeation 
Single-gas permeation was carried out using nitrogen (Linde Gas, Purity 4.0). Fibers were 
potted into ¼” stainless steel tubing and sealed with glue (Epoxy, Araldite 2014) before they 
were mounted into a stainless steel module. The inside-out nitrogen flow was measured using 
a soap-film flow meter while the feed pressure was regulated using a pressure-reducing valve 
(Genie, 0-10 bar). The permeate side is assumed to be at atmospheric pressure. 
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Mercury intrusion 
The volume of mercury intruded was measured as function of the pressure using a Poremaster 
PM-33-14 (Quantachrome®). The pore diameter corresponding to a certain pressure is 
calculated using Washburn’s equation from the measured volume mercury intruded VHg versus 
pressure P using Matlab (Mathworks, R2014b) . The volume based pore size distribution is 
calculated via equation 2.38 
 
𝐷𝐷𝑣𝑣(𝑟𝑟) = d𝑉𝑉Hgd𝑃𝑃 � 𝑃𝑃22𝛾𝛾 cos 𝜃𝜃� 2 
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Results and discussion 
Fiber consolidation  
Figure 2 shows the non-hollow fibers that result from injecting a calcium 
carbonate/alginate/alumina solution into the different gelation baths. The characteristics of the 
gels that are formed, and extent to which the inorganic particles are incorporated, show a strong 
dependency on the pH of the gelation bath and the acid strength. A maximum critical pH 
appears to exist to induce effective gelation. Below this pH a sufficient amount of calcium is 
released to form a stable and insoluble network. It should be noted that these critical pH values 
are below the pKa values of the sodium alginate building blocks, (ß-D)-mannuronic acid (3.38) 
and (α-L)-guluronic (3.65). This implies that the sodium alginate will be partly converted into 
alginic acid,39,40 which is known to form gels that are stabilized by intermolecular hydrogen 
bonds. This could further aid the cross-linking of the fibers.41    
In the strong acids (HCl and HNO3) rigid shapes are obtained at pH values below 1.3 (See the 
Supplementary Information, Figure S-3). At higher pH values, insufficient protons are available 
to liberate calcium ions, inhibiting the cross-linking of the fiber. For the strong acids the pH 
increases substantially when the sodium alginate mixture is injected in the acid solution. For 
the weak acids, a pH of 1.7 is already sufficient to obtain a rigid shape. The buffering properties 
of the weak acids allow for a continuing release of protons and subsequent calcium release. For 
the weak acids, the pH does not show a substantial increase when the sodium alginate mixture 
is injected in the acid solution. pH values in excess of 2 result in only partially cross-linked 
alginate gels. This lesser extent of crosslinking becomes more pronounced at higher pH values, 
until virtually no cross-linking is observed for fibers spun into acids with a pH of 4. At a pH of 
3, rigid structures are obtained for the acetic and lactic acid, whereas the structures for gluconic 
and citric acid result in a loosely packed gel that lacks mechanical integrity. Using citric and 
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gluconic acid there will be competition between calcium uptake by the alginate and 
complexation of calcium ions by the conjugated base.23,42 
Fibers taken from an acid bath, with a pH below the critical value, are flexible and have 
sufficient mechanical strength for handling. The microstructure of the fibers reveals a dense 
matrix for the citric and gluconic acid, whereas a more open structure is observed for acetic and 
lactic acid (See Figure S-6 in the Supplementary Information for the scanning electron 
micrographs.) Upon drying, the fibers’ diameter and flexibility reduced largely. 
 
Figure 2. Left and middle panels: Photos of non-hollow fibers obtained from injecting a 
calcium carbonate/alginate/alumina solution into the different acids at different pHs; Right 
panels: Scanning Electron Micrographs of the green and sintered hollow fiber. Note: the 
contrast and brightness of the pictures has been adjusted to improve the visualization. 
Thermal treatment 
All fibers have been subjected to identical  thermal treatment. For the fibers obtained from HCl, 
HNO3, acetic acid or lactic acid and below the critical pH, the thermal treatment resulted in 
well-shaped and structurally intact fibers. The fibers obtained from citric acid or GDL solutions, 
on the other hand, disintegrated into powder during the thermal treatment. Figure 3 shows the 
results of the TGA/DSC analysis of the dried fibers and powders (TGA/DSC data for HCl and 
HNO3 are not shown here but are given in the Supplementary Information, Figure S-4). Up to 
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150 °C, the mass loss is below 1%, and can be attributed to the last stages of drying of the fibers. 
Around 150 °C, the onset of mass loss is found for all fibers, followed by a multi-step, 
exothermic mass loss. During these steps, the mass loss is significantly higher for citric acid 
and gluconic acid, than for the other acids. 
For all experiments, the spinning mixture consisted of 28.4 wt% alginate, 70.8 wt% alumina, 
and 0.8 wt% CaCO3 (on dry basis). For fully dried fibers, a maximum theoretical mass loss of 
28.7% would therefore be expected based on the spinning mixture, assuming that the calcium 
remains in the fibers in the form of CaO. Only for HCl (23.61 wt%), HNO3 (23.40 wt%) and 
acetic acid (25.5 wt%), the experimental mass loss is lower than the theoretical expectation. For 
all other acids, the mass losses are higher: 43.6 wt% for lactic acid, 62.8 wt% for citric acid and 
64.4 wt% for gluconic acid.  
Co-diffusion of the conjugated base to balance the charge of the diffusing protons does not 
explain the mass difference between theory and experiment, as this would result in a surplus 
mass loss of 0.4% (acetic acid), 0.7% (lactic acid), and 1.9% (gluconic and citric acid). The 
adsorption of the acids onto the surface of alumina particles can also explain only a small 
amount of extra mass, because of the low surface area of the particles.43 Complexation of Ca2+ 
or Na+ ions,32 would result in only low extra mass for lactic acid and acetic acid, but potentially 
results in much higher masses for the citric acid and GDL ions. In addition, the complexes 
formed would be able to hold a significant amount of water that may be released at higher 
temperatures than normally can be expected.44 Indeed, SEM micrographs of the green citric 
acid and GDL fibers (given in Figure S-6 in the Supplementary Information) suggest the 
presence of more non-alumina material. The higher water content that these layers may hold, 
could rationalize the surplus mass loss.26,45,46 At 250 °C, the alginate starts to decompose,47,48 
inducing a further release of the water as seen in the mass spectrum of the gasses evolving the 
sample (See the Supplementary Information, Figure S-5). Indeed, the recorded heat flow is 
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comparatively low, which could be the result of the endothermic contribution of water 
evaporation.   
 
Figure 3. Thermal processing and structure of sintered fibers. A: TGA (solid lines) and DSC 
(dashed lines) curves of the cross-linked fibers obtained by spinning into the acid solution with 
pH of 1.7; B: Pore size of the sintered fiber spun into lactic acid (internal gelation), compared 
to standard spinning into a CaCl2 solution (external gelation), and a fiber obtained from non-
solvent-induced phase separation; C and D: Scanning electron micrograph of a green fiber 
prepared with lactic acid (C) and citric acid (D) at pH 1.7. 
Figure 3B shows the pore size distribution of fibers prepared via internal gelation, external 
gelation, and NIPS. The data clearly show that the fiber prepared using internal gelation has 
smaller pore size as compared to fibers prepared using external gelation or NIPS. Pores in the 
range of 100-200 nm are observed, which agrees well with the original powder size of 
approximately 300 nm and the assumption of dense sphere packing. For fibers prepared using 
NIPS, it is known that the stacking of the particles is less dense, resulting in larger pore sizes 
using equivalent starting materials.14 The porosities of the internal, external and NIPS fibers are 
29, 16 and 54% respectively. (See the Supplementary Information, Table S-6)   
The combination of spatially uniform and slow gel formation will aid the formation of a 
homogeneous and dense packed ceramic body. In addition, at the low pH values the alumina 
particles have a substantial positive surface charge. It is know that slow settling of charged 
alumina particles from a suspension allows for a obtaining well-defined homogeneous porous 
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structures, with a narrow distribution of small pores49 and may prevent the formation of 
agglomerates by electrostatic stabilization.50  
Performance 
The results for the consolidation and the thermal treatment of the non-hollow fibers indicate 
that acetic acid and lactic acid are the best choices for the acid bath. These acids have sufficient 
buffering capacity, are available from sustainable sources, and generate fibers that show limited 
mass loss during thermal treatment. Given the pungent odor of acetic acid, preference is given 
to the use of lactic acid.  
Thin (110 µm), flexible, and defect free hollow fibers were obtained by pressing a 
CaCO3/alginate/alumina solution through a spinneret into a lactic acid bath with a pH of 1.7. 
The scanning electron micrographs in Figure S-5 of the Supplementary Information show that 
homogenous ceramic bodies are obtained that are virtually free from any large defects that 
might negatively affect mechanical strength. 
Figure 4A shows the 4-point bending strengths for 30 of these hollow fibers after sintering. 
Based on the measured strength values, an empirical cumulative distribution is computed using 
Kaplan-Meijer estimates.51 A lot of scatter is present in the mechanical strength data. This 
scatter does not only originate from the defect distribution, but is presumably also a result of 
lateral variations in the dimensions and the structure of the fiber (See Supplementary Data, 
Figure S-8). Furthermore, two failure populations can be distinguished, suggesting different 
failure mechanisms.52 The presence of different failure populations might indicate distinctive 
microstructural features of the fibers, for instance the presence of small agglomerates.53 The 
presence of such small agglomerates is not apparent from the scanning electron micrographs. 
By fitting the strength data with a normal distribution an average strength of 232.7 ± 28.5 (95% 
CI) MPa is calculated, with a standard deviation of 77.6 ± 15.6 (95% CI) MPa. These 
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mechanical strength values are exceptionally high for Al2O3 hollow fibers. Typical values 
reported in literature range from 100-150 MPa,1,54–56 and are generally obtained using a 3-point 
bending test. A direct comparison between strength numbers is in general not straightforward, 
because 3-point bending tests systematically result in higher strength values in comparison with 
4-point bending tests.57 This further supports the high mechanical strength of the prepared 
fibers, which is a direct result of the elimination of the macro-voids that are inherently present 
in fibers prepared using NIPS, and the controlled homogenous stacking of the alumina particles 
obtained using internal gelation.  
Figure 4B shows the normalized inside-out nitrogen permeance versus the arithmetic mean 
pressure inside the fiber wall.14 Some fiber-to-fiber differences are observed, likely due to slight 
variations in the wall thickness and diameter over the fiber’ length. The estimated pore size dp 
and porosity-tortuosity ratio ε/τ are in between 179-207 nm and 0.04-0.09, respectively 
(assuming cylindrical pores with unimodal pore size distribution, see the Supplementary 
Information, Table S-4). These obtained flow-average pore sizes are in excellent agreement 
with the 100-200 nm pore diameter values that were determined by mercury intrusion. The ε/τ 
values are slightly lower than those typically obtained in our labs for high quality alumina 
supports obtained by colloidal filtration of peptized alumina particles, which are ~0.1. For 
hollow fibers that are prepared by NIPS, much lower ε/τ values have been reported. These low 
values have been rationalized by the less homogeneous microstructure of these fibers, further 
undermining the assumption of a unimodal pore size distribution in these fibers.14 Under the 
assumption of a tortuosity of 3,58–60 the porosity of the fibers obtained by internal gelation is 
calculated to be in the range 13-28%, which agrees well with the value of 28.8% obtained using 
mercury intrusion (See the Supplementary Information Table S-6). 
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 Figure 4. Panel A shows the observed mechanical strength of sintered hollow fibers (Lactic 
Acid, pH=1.7, sintered in air for 1400 °C, 2 h) ranked to their probability of failure. The 30 
different fibers are presented as spheres, whereas the solid line in A represents a normal 
distribution fitted to this data. Panel B shows the nitrogen permeation for 6 different fibers as 
function of the average pressure in the fiber wall (Pm = (Pfeed + Ppermeate) / 2). Panel C shows the 
feed (right vial) and permeate (left vial) of a separation experiment with an aqueous feed 
containing AKP-50 particles. The curve shows the apparent particle diameter of the particles in 
the feed and permeate.   
The hollow fibers have various potential applications, including their use as catalyst or 
membrane support, and their direct use as a microfiltration membrane. The potential of these 
fibers as a microfiltration membrane is demonstrated by the filtration of an aqueous dispersion 
of AKP-50 alumina particles with a mean particle size of 100 nm, in dead-end mode. Figure 4C 
shows the feed and permeate dispersions. The apparent difference in the turbidity of the 
solutions confirms that the particles are retained by the membrane. The particle size distribution 
of the feed and permeate shows that the peak is shifted significantly towards smaller particle 
sizes. The fact that only particles smaller than 10 nm are detected in the permeate shows the 
ability of the membrane to retain the particles with larger sizes. The size of the particles that 
can be separated is a direct result of the pore size of the fibers, which can be tuned by either 
adjusting the particle size of the inorganic starting material or by adjusting the thermal treatment 
program of the fiber.   
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Conclusion 
We developed a sustainable route for the fabrication of high performance inorganic porous 
hollow fibers without the use of organic solvents and harmful additives. The route is based on 
pressing an aqueous mixture of a carbonate, a sodium alginate, and inorganic particles through 
a spinneret into an acid bath. The low pH triggers the dissociation of the carbonate into 
multivalent cations and carbon dioxide. The multivalent cations are responsible for cross-
linking of the alginate, which in turn arrests the inorganic particles. During a subsequent thermal 
treatment, the polymer is removed and the particles are sintered together 
The acid in the coagulation bath is crucial for successful fiber preparation; not only is a 
sufficiently low pH of the acid bath required, it is also critical to select an acid with appropriate 
buffering capacity, and a conjugated base that has limited propensity to complexation with 
cations in order to fabricate high quality fibers. 
By using this method, we are able to prepare alumina hollow fibers with outstanding properties, 
such as high mechanical strength, homogeneous morphology, and sharp distribution of small 
pores. These fibers have an extensive application landscape; they can for instance be used 
directly as a microfiltration membrane, or can be used as catalyst of membrane support material. 
Our new method substantially reduces the environmental impact of the fiber production 
process, because it only requires benign chemicals such as sodium alginate, lactic acid, and 
calcium carbonate that can be obtained from sustainable sources. 
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